Changes in leaf biomass yield, essential oil yield, and chemical composition were investigated during leaf ontogeny of palmarosa {Cymbopogon martinii (Roxb.) Wats. var. motia Burk., family Poaceae}. Eleven leaves representing different developmental stages, serially numbered from the apex to the base of the plant were utilized for the study. Leaf biomass yield increased up to the eighth leaf. Essential oil recovery increased up to the third leaf; thereafter it decreased. Minimum essential oil recovery was observed in the eleventh leaf. Essential oil yield/leaf increased up to the sixth leaf. Essential oil yield and concentrations of linalool, α-terpineol, geranyl isobutyrate and geraniol were relatively higher in the essential oils of mature, older leaves. Essential oil recovery, and percentages of myrcene, β-caryophyllene, geranyl acetate, (E,Z) farnesol and geranyl hexanoate were higher in the essential oils of young, expanding leaves.
Palmarosa {Cymbopogon martinii (Roxb.) Wats. var. motia Burk., family Poaceae} essential oil finds extensive use in perfumery (soaps, cosmetics, rose-like perfumes), flavoring (tobacco, food products, nonalcoholic beverages), aromatherapy, and in medicine (stiff joints, lumbago, skin diseases) [1] . The major constituents of the essential oil are linalool, geranyl acetate and geraniol. Leaves and inflorescences are the chief sources of essential oil. Leaf sheath [1] , seeds [2] , and stalks [3] also possess essential oil. In the aromatic crops lemongrass (Cymbopogon flexuosus) [4] , citronella (Cymbopogon winterianus) [5] , rose-scented geranium (Pelargonium species) [6] , sage (Salvia officinalis) [7] , clove (Eugenia caryophyllata) [8] , and peppermint (Mentha x piperita) [9] changes in essential oil yield and composition were reported during leaf ontogeny. In the present study, we describe in detail, the changes in leaf growth, biomass yield, essential oil recovery, essential oil yield, and essential oil composition during palmarosa leaf development.
Leaf area increased significantly up to the sixth leaf due to increases in leaf length and width (Table 1) . Earlier formed, older leaves reached smaller sizes than the latter formed young leaves; a similar pattern was observed in rose-scented geranium [6] . Leaf biomass yield increased significantly up to the eighth leaf due to increase in leaf size. There was a significant decrease in biomass yield of the eleventh leaf in comparison with the ninth leaf, due to its smaller size and loss of moisture. In spite of the smaller leaf sizes, the biomass yields of the ninth and tenth leaves were at par with that of the eighth leaf. Decrease in biomass yield with advancement of leaf age was reported in lemongrass [4] , and citronella [5] .
The essential oil recovery increased significantly up to the third leaf, declined up to the seventh leaf, but with no further significant decrease up to the tenth leaf. The eleventh leaf recorded the lowest essential oil recovery. Young, expanding leaves exhibited higher recovery due to high biosynthetic activity [5, 9, 10] , rapid formation of oil glands, and accumulation of essential oil in them [9, 10] . The relationship between oil gland density, and leaf oil recovery was demonstrated in rose-scented geranium [6] , and mints [11, 12] . Crop responses to the relationship between leaf age, and essential oil recovery varied. In lemongrass, and citronella, the essential oil recovery increased in young, expanding leaves, and decreased with leaf age [4, 5] . In rose-scented geranium, the essential oil recovery decreased with leaf age [6] , whereas in peppermint, after an initial increase in the young leaves, it remained constant with increasing leaf age [9] .
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Nine constituents of the essential oils, accounting for 96.3-99.5%, were identified and are listed in Table 2 . All the leaves produced essential oils of good quality with high levels of geraniol, the principal component of palmarosa essential oil, for which it is internationally traded. The leaves were, however, distinct in possessing the maximum (first, third, sixth, eighth, and tenth leaves), and the minimum (first, second, third, fourth, ninth, tenth, and eleventh leaves) concentrations of individual compounds. The percentages of myrcene, β-caryophyllene, geranyl acetate, (E,Z) farnesol, and geranyl hexanoate were comparatively higher in young leaves, and declined with leaf age. Mature, older leaves had relatively greater amounts of linalool, α-terpineol, geranyl isobutyrate, and geraniol. The accumulation of specific essential oil constituents in leaves of different ages is a function of relative abundance and activity of the enzymes responsible for their synthesis [10, [13] [14] [15] . The relationship between levels and activities of the enzymes and accumulation of specific constituents in leaves of different ages has been demonstrated in lemongrass [13] . Essential oil composition variation in leaves of different ages was reported in lemongrass [4] , citronella [5] , rose-scented geranium [6] , sage [7] , clove [8] , and mints [9, 11, 16] . To the best of our knowledge, this is the first report on chemical profile changes in palmarosa leaf essential oils during leaf ontogeny.
Experimental
Leaf sample collection: Palmarosa cultivar Trishna was cultivated in the research farm of the Central Institute of Medicinal and Aromatic Plants Research Center, Hyderabad, India, following standard cultivation practices. The rainy season encourages luxuriant growth and produces high biomass and essential oil yields of palmarosa [17] . The present study was conducted during the rainy season when the crop was ready for harvest. Uniformly growing, healthy palmarosa plants were selected at random. Leaves were numbered serially (from one to eleven) from the apex proceeding downwards to the base of the plant. The first leaf on the inflorescence was the youngest, and the eleventh leaf, the oldest. Two hundred leaves of each developmental stage were collected in 3 replicates (11 leaves X 200 each X 3 replications = 6600 leaves in total). The fresh weights were recorded separately for all the leaves and presented as biomass yield. A separate set of 100 leaves each was collected for leaf area estimation. Leaf lengths and leaf widths were measured. Leaf areas (length X width) were computed.
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Natural Product Communications Vol. 5 (12) 2010 1949 Essential oil isolation: Leaf samples, in triplicate (11 leaves X 3 replications = 33 samples) were distilled in a Clevenger-type glass apparatus for 3 h. The essential oil samples were dried over anhydrous sodium sulfate and stored in a refrigerator in sealed vials until analysis. Essential oil recovery (mL/100 g biomass) and yield (biomass yield X essential oil recovery) were calculated.
GC analysis: GC analyses were carried out using a Varian Star 3400CX GC fitted with a flame ionization detector (FID) and an electronic integrator. Separation of the compounds was achieved employing a Supelcowax-10 capillary column (30 m X 0.25 mm X 0.25 µm film thickness) coated with carbowax 20 M (polyethylene glycol). Nitrogen was the carrier gas at 1 mL/min flow rate. The column temperature program was: 80ºC (2 min) to 220ºC (5 min) at 7ºC/min ramp rate. The injector and the detector temperatures were 200ºC and 240ºC, respectively. Samples (0.1 µL) were injected with a 1:50 split ratio. Retention indices were generated with a standard solution of n-alkanes (C 8 -C 23 ). Peak areas and retention times were measured by an electronic integrator. The relative amounts of individual compounds were computed from GC peak areas without FID response factor correction.
GC/MS analysis:
GC-MS analyses were performed on a Hewlett-Packard 5890 GC coupled to a HP-5970 mass selective detector (MSD) and quadrupole EI mass analyzer. A HP-1 column (coated with methyl silicone) (25 m X 0.25 mm X 0.25 μm film thickness) was used as the stationary phase. Helium was the carrier gas at 1 mL/min flow rate. Temperature was programmed from 60 o to 220ºC at 5ºC/min ramp rate. The injector and the GC-MS interface temperatures were maintained at 250ºC and 280ºC, respectively. Mass spectra were recorded over 40-400 amu range at one span/s with 70 eV ionization energy and EI mode of ionization. The ion source and the detector temperatures were maintained at 250ºC and 150ºC, respectively. The samples (0.1 μL) were injected with a 1:50 split ratio.
Identification of constituents:
Essential oil components were identified by comparing the retention times of the GC peaks with standard compounds run under identical conditions, by comparison of retention indices with published literature [18, 19] , and by comparison of MS with those reported in the literature [20, 21] , and stored in NIST and Wiley libraries.
Statistical analysis:
The data were statistically analyzed employing analysis of variance technique [22] . The significance of differences between treatment variance and error variance was tested with variance (F) ratio. Least significant difference (LSD) values at 5% probability level (P=0.05) were calculated by multiplying standard error of difference (SEd) values with tabulated t values.
